Abstract-We evaluated liver and skin tumor prevalence and biomarkers of exposure and response in brown bullhead (Ameiurus nebulosus) from three locations in the Anacostia River (Washington, DC, USA), a Chesapeake Bay region of concern. The Tuckahoe River (Maryland, USA) served as a reference. Each river was sampled in fall 2000 and spring 2001. In the Anacostia, prevalence of liver tumors was 50 to 68%, and prevalence of skin tumors was 13 to 23% in large (Ն260 mm, age Ն3 years) bullheads. Liver and skin tumor prevalence was 10 to 17% and 0%, respectively, in small (150-225 mm, age 1-2 years) bullheads. Tuckahoe bullhead liver tumor prevalence was 0 to 3% (large) and 0% (small); none had skin tumors. Biliary polynuclear aromatic hydrocarbon (PAH)-like fluorescent metabolites and liver DNA adduct concentrations were elevated in large and small Anacostia bullheads. Mean adduct concentrations were 16 to 28 times higher than those in Tuckahoe fish. Chromatograms revealed a diagonal radioactive zone, indicating polycyclic aromatic compound (PAC)-DNA adducts. The biomarker data and the 10 to 17% liver tumor prevalence at ages 1 to 2 suggest that these year classes are likely to have a high prevalence as they reach age 3 and older. This study provides the strongest evidence to date of the role of PAHs in tumor development in Anacostia bullheads.
INTRODUCTION
The prevalence of tumors in fish has been used as an indicator of environmental quality in saltwater and freshwater ecosystems [1] [2] [3] [4] [5] [6] [7] [8] [9] . In controlled laboratory exposures, many chemicals, including polynuclear aromatic hydrocarbons (PAHs), nitrosamines, and some halogenated hydrocarbons, have been shown to be carcinogenic to fish [10] . The strongest case for a chemical etiology for liver tumors observed in fieldcollected fish is for PAHs in sediments [4, 7, 9] . Field-based evidence linking PAHs in sediments with liver tumors was developed by Baumann and Harshbarger [1] from surveys in the Black River (Ohio, USA) conducted in the 1980s and 1990s with bottom-feeding brown bullhead (Ameiurus nebulosus). They observed that liver tumor prevalence increased and decreased according to changes in sediment PAH concentrations. A cause and effect relationship between PAHs and liver tumors or pre-neoplastic lesions has also been established through laboratory studies [11, 12] .
Skin tumors in brown bullhead have been induced by repeatedly painting the skin with sediment extracts containing high PAH concentrations [13] . Grizzle et al. [14] observed an increased prevalence of papillomas in black bullhead (Ameiurus melas) exposed to chlorinated wastewater effluent, and prevalence decreased when chlorination was decreased. In a summary of studies conducted in the Laurentian Great Lakes (North America), Baumann et al. [4] reported that higher oral and cutaneous tumor prevalence occurred in PAH-contami-nated tributaries compared with reference sites. Poulet et al. [15] , however, noted the occurrence of orocutaneous tumors in 94 brown bullheads collected from 17 locations (both contaminated and uncontaminated) in New York State (USA). They found that the distribution of lesions did not suggest a strict correlation with chemical carcinogens. Spitsbergen and Wolfe [16] stated that, in addition to PAHs, nitrosamines might contribute to both skin and liver tumor development in brown bullhead. Bunton [17] concluded that, although skin tumors in brown bullhead are associated with bottom-dwelling and feeding and contact with contaminated sediments, other factors could also be involved.
Biomarkers are physiological, biochemical, or histological changes used as indicators of chemical exposure, chemical effects, or both. Because fish rapidly metabolize PAHs [18] , researchers have used biomarkers rather than tissue concentrations as indicators of exposure and response. The presence of PAH-like metabolites in bile indicates recent exposure on the order of days [19] . The presence of a diagonal radioactive zone (DRZ) on chromatographs of liver DNA results from polycyclic aromatic compounds (PACs), PAHs, and nitro-PAH compounds, forming adducts with DNA. These adducts can be an early stage in carcinogenesis [20] .
The Anacostia River (Fig. 1) , a tidal freshwater system, is one of three regions of concern identified by the U.S. Environmental Protection Agency's Chesapeake Bay Program. Sediments are contaminated with PAHs, polychlorinated biphenyls (PCBs), and chlordane, and a health advisory encourages restriction in fish consumption [21] . In a 1996 survey of brown bullheads from the Anacostia River, Pinkney et al. [7] reported Tumor prevalence and biomarkers in brown bullhead Environ. Toxicol. Chem. 23, 2004 639 that the prevalence of liver tumors averaged 55% and that of orocutaneous tumors averaged 23%. Environmental managers in the Great Lakes have used the prevalence of tumors as a criterion for identifying and prioritizing contaminated sites (areas of concern). Baumann et al. [4] reported that liver tumor prevalence exceeding about 9% and skin tumor prevalence exceeding about 20% were nearly always observed in brown bullhead in chemically contaminated areas. Baumann [22] suggested criteria of about 5% liver tumors and 12% skin tumors for distinguishing highly contaminated areas of concern from less contaminated areas of recovery.
Here, we report a survey of tumor prevalence in brown bullhead from three locations in the Anacostia River (Fig. 1) . A reference site, the Tuckahoe River, in an agricultural and forested watershed on the Eastern Shore of Maryland was also sampled. The objectives were to determine the prevalence of skin and liver tumors; compare lesions and biomarkers in two age classes (because the risk of liver neoplasms is known to increase with age [6] ); and examine statistical associations between tumor prevalence, biomarkers, and tissue contaminants. An expanded version of this paper is available in report form [23] .
MATERIALS AND METHODS

Site selection and sampling
Brown bullheads were collected from tidal freshwater areas of the Anacostia and Tuckahoe Rivers in the fall of 2000 and the spring of 2001. From the Anacostia, two groups of 30 large (total lengths Ն260 mm) and small (150-225 mm) bullheads were collected in the fall of 2000 near the mouth of Kenilworth Marsh (38.9137ЊN, 76.9538ЊW; Fig. 1 ). These fish were designated as upper Anacostia large-fall (UAL-F) and upper Anacostia small-fall (UAS-F). At this location, many bullheads congregate in a 3-to 5-meter-deep bend in the river. About 1 km downstream is a petroleum-contaminated tributary (Hickey Run, District of Columbia, USA). About 1 km upstream, another tributary, Lower Beaverdam Creek (Maryland, USA), has several automobile junkyards along its lower reach. In spring 2001, an additional 30 large (upper Anacostia largespring, UAL-S) and 30 small (upper Anacostia small-spring, UAS-S) bullheads were collected from this site. Also in spring 2001, bullheads were collected near the CSX Railroad Bridge (38.8792ЊN, 76.9722ЊW), with most fish obtained within 10 m of the Northeast Boundary Combined Sewer Outfall (CSO). These fish were designated as CSX large-spring (CSL-S, n ϭ 30) and CSX small-spring (CSL-S, n ϭ 29). Twenty-five large bullheads also were collected in spring near the O Street CSO (OSL-S; 38.8727ЊN, 77.0029ЊW). Fish were collected by trawling, electroshocking, deploying eel pots, or angling.
Large and small bullheads were collected from the tidal freshwater area of the Tuckahoe River (38.8674ЊN, 75.9352ЊW; Fig. 1 ) on the Eastern Shore of Maryland, which has served as a reference site for previous surveys [7, 24] . The fall 2000 collections of fish were designated as Tuckahoe large-fall (TKL-F, n ϭ 30) and Tuckahoe small-fall (TKS-F, n ϭ 30), and large fish also were collected in the spring (TKL-S, n ϭ 18). Otter trawling was used to collect the Tuckahoe fish, which school in a bend in the river at depths of 3 to 6 m.
Laboratory procedures
Fish were maintained for 1 to 2 d in coolers with aerated water from the collection site. They were measured for total length (mm), weighed to the nearest gram, euthanized by severing the spinal cord, and necropsied. Condition factor, K ϭ (weight [g] ϫ 10 5 )/length (mm 3 ), was calculated. Grossly visible lesions were noted, and the liver was excised and weighed so that the hepatosomatic index (HSI ϭ liver weight/body weight) could be determined. Livers (except a 0.5-g portion used for biochemistry) and skin areas with visible lesions were preserved in 10% buffered formalin and transported to George Washington University Medical Center (Washington, DC) for histopathological examination and tumor diagnosis. The tissues were processed according to standard histological procedures, sectioned at 6 m, and stained with hematoxylin and eosin [25] . Four tissue blocks were sectioned from each liver and two from each skin lesion, and at least two sets of slides were prepared from each block. Materials were maintained and case reports entered into the Registry of Tumors in Lower Animals.
Brown bullheads were aged using pectoral spines on the basis of methods described in Baumann et al. [2] . Spines were cleaned of excess tissue, decalcified with 5% aqueous nitric acid, rinsed in distilled water, and stored in 50% isopropyl alcohol. A 6-to 10-mm portion of the spine, anterior of the basal groove, was used for sectioning after mounting in a paraffin medium with the use of a microtome. The sections were mounted on slides and aged with confirmation by an independent scientist.
Biochemical and chemical analyses were done on 4 to 10 randomly selected fish from each group. A 0.4-to 0.5-g section of the liver was flash frozen in liquid nitrogen and stored at Ϫ80ЊC for analysis of DNA adducts. The livers were shipped to the Northwest Fisheries Science Center, National Oceanographic and Atmospheric Administration (NOAA, Seattle, WA, USA) on dry ice. Hepatic DNA was isolated according to Reddy and Randerath [26] . The 32 P-postlabeling assay was conducted according to Reichert et al. [27] using salmon sperm DNA as a method blank. Briefly, DNA was enzymatically hydrolyzed to deoxyribonucleoside 3Ј-monophosphates by micrococcal endonuclease and spleen phosphodiesterase. Aliquots of hydrolyzed DNA were treated with nuclease P1 [28] , which selectively hydrolyzes normal 3Ј-mononucleotides to nucleosides, thereby enriching the mixture in adducted 3Ј-monophosphates. Samples enriched in DNA adducts were postlabeled using [␥- 32 P]adenosine triphosphate. The 32 P-labeled adducts were chromatographed on polyethyleneimine-cellulose thin-layer chromatography sheets prepared in the laboratory [27] . Solvent systems used in the multidirectional chromatography were D1 to 1.0 M sodium phosphate, pH 6.0; D2 is omitted; D3 to 7.25 M urea and 5.0 M lithium formate, pH 3.5; and D4 to 7.25 M urea, 1.5 M lithium chloride and 0.5 M Tris, pH 8.0. Total nucleotides were determined by postlabeling an aliquot of DNA hydrolysate followed by one-dimensional thin-layer chromatography of 5Ј-labeled nucleotides using 0.24 M ammonium sulfate in 8 mM sodium phosphate, pH 7.4, as a solvent and quantitation of the deoxythymidine-3Ј,5Ј-bisphosphate spot. The 32 P-labeled DNA adducts and DNA bases on the chromatograms were located and quantified with storage phosphor imaging technology [29] . Images were interpreted for the presence of a DRZ indicative of PAC-DNA adducts.
Bile was collected in disposable syringes, placed in cryotubes in liquid nitrogen, stored at Ϫ80ЊC, and shipped on dry ice to the NOAA laboratory. Fluorescent metabolites of benzo[a]pyrene and phenanthrene were analyzed by high-performance liquid chromatography with a fluorescence detector, according to the method of Krahn et al. [18] . These data were reported as the concentrations of benzo[a]pyrene-and phenanthrene-like fluorescent metabolite equivalents in bile (l/L basis).
Fish were filleted using pesticide-grade acetone-cleaned utensils, and the samples were stored at Ϫ20ЊC in chemically cleaned glass bottles. (The tissue contaminants were only analyzed in large fish because of cost considerations.) The samples were homogenized and freeze dried, and the moisture and lipid content were determined. The freeze-dried tissues were analyzed for organochlorine pesticides and PCB congeners by the U.S. Environmental Protection Agency Region III, Environmental Services Division Laboratory (Fort Meade, MD, USA). The pesticides were analyzed by capillary column gas chromatography-electron capture detector. The PCB congeners were analyzed by gas chromatography-electron capture detector (Hewlett Packard, Avondale, PA, USA). Results for 80 peaks, representing either single PCB congeners or two to three coeluting congeners were provided. Nominal quantitation limits ranged from 0.0025 to 0.025 g/g for the pesticides and 0.036 to 10.0 ng/g for the PCB congeners. Method descriptions with citations and quality assurance procedures are provided in Pinkney et al. [23] .
Data analysis
Histopathological data were summarized as the prevalence of the various types of lesions among the collections of bullheads. The Anacostia and Tuckahoe Rivers are more than 100 km apart, and on separate shores of the Chesapeake Bay (Maryland and Virginia, USA), so that crossover of fish between the two rivers is highly unlikely. Within the Anacostia, we suspect that there is minimal exchange of fish between sites. Sakaris et al. [30] estimated the linear home range of bullheads in the tidal Anacostia to range from 0.5 to 2.1 km. Our three collection sites were approximately 1.5, 5.3, and 9.6 km from the river mouth ( Fig. 1) .
Because the risk of liver neoplasms is known to increase with age [2, 6] , we performed separate comparisons of lesion prevalence for the two size classes. First, we ran an extension of Fisher's exact test comparing prevalence among all large or all small collections [31] . Then, we used Fisher's exact test for pairwise comparisons between collections with a false discovery rate of 0.05 [32] .
Biological parameters (length, weight, liver weight, K, age, and HSI) were compared between the collection sites, keeping the size classes separate. Either one-way analysis of variance (ANOVA) or, if parametric assumptions were not satisfied even after log transformation, Kruskal-Wallis tests were performed [33] . For the biliary PAH metabolites and DNA adducts, which reflect exposure and response, there was no a priori rationale for keeping the size classes or seasons separate. Thus, Student's t tests, one-way ANOVAs, or Mann-Whitney or Kruskal-Wallis tests were used to determine whether multiple collections at the same site could be combined. If there were no significant differences (p Ͼ 0.05), the collections were pooled and com- [31] was used to evaluate the relationship between biological, biochemical, and chemical variables and the prevalence of liver and skin tumors. Regressions were performed separately for the large and small fish across all sites. The biological predictor variables were sex, age, length, weight, HSI, and K. Biochemical predictor variables were concentrations of benzo[a]pyrene-and phenanthrene-like fluorescent metabolite equivalents and DNA adducts. Chemical predictor variables were fillet concentrations of total PCBs, p,pЈ-1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene (DDE), and gamma-chlordane. Each predictor variable was examined separately and models were considered statistically significant if p Յ 0.05, determined by exact methods [34] . For all significant regressions, odds ratios were reported, with values greater than one indicating an increased risk for the response variable for an incremental increase in the predictor variable (e.g., per year of age).
Fisher's exact test [31] was used to test for associations between the presence of a visible lesion (either altered barbels or lip lesions later confirmed histologically to be skin tumors) and the subsequent detection of a histological liver lesion (either tumors or foci of hepatocellular alteration). A one-sided test was used, which examined no effect versus a positive association. Only the large fish were used because there were too few lesions in the small fish for this analysis.
RESULTS
Biological parameters
Among the six collections of large bullheads, length, weight, liver weight, HSI, K, and age showed statistically significant differences (Table 1) . For example, the TKL-S collection (median 263 mm) was significantly smaller than TKL-F (274 mm) and one of the Anacostia collections (UAL-S, 273 mm; Kruskal-Wallis, p ϭ 0.006; Dunn's method, p Ͻ 0.05). The ages of large bullheads also showed significant differences. The TKL-F collection had a median age of 3 years, significantly less than that of the TKL-S collection (4 years) and several Anacostia collections (median ages of 4 or 5 years; Kruskal-Wallis, p Ͻ 0.001). Sex ratios, however, were similar among all the collections of large fish (Anacostia and Tuckahoe), with all at least 80% males. Significant differences in these same six biological parameters were seen in the four collections of small bullheads (Table 2) . In most cases, the statistically significant differences were between the different Anacostia collections; the Tuckahoe collection usually had intermediate values. In contrast to the larger fish, the small fish were nearly evenly split between males and females, with similar ratios in the Anacostia and Tuckahoe fish.
Pathology
Gross examination revealed that many large Anacostia fish had shortened, clubbed (stubbed), or missing barbels (Fig. 2) . The prevalence of abnormalities (any of these observations) on one or more barbels ranged from 23 to 56% in the large Anacostia fish compared with 0 to 17% in the large Tuckahoe fish (p Ͻ 0.00001, Fisher's exact test; Table 3 ). In the collections of small fish, the prevalence of abnormal barbels was 0 to 27% in the Anacostia and 0% in the Tuckahoe (p ϭ 0.0004; Table 4 ). Pink, oval or round, solid (in texture) lesions were seen in the mouth area in some of the Anacostia bullheads. After histopathological examination of these lesions, three UAL-F fish, two UAL-S fish, and four CSL-S fish were diagnosed with invasive (cancerous) skin tumors, characterized as squamous carcinomas (Table 3 ). In addition, two UAL-F, two UAL-S, five CSL-S, four OSL-S, and one UAS-S fish had lesions similar in gross appearance that were characterized histopathologically as noninvasive epidermal papillomas. No Tuckahoe fish had skin tumors of either type. Skin tumor prevalence ranged from 13 to 23% in the large Anacostia bullheads versus 0% in the large Tuckahoe fish (p ϭ 0.02; Table 3 ). In the small fish, the prevalence was 0 to 3% in the Anacostia and 0% in the Tuckahoe (p ϭ 1.0; Table 4) .
No grossly visible liver lesions were found in any of the bullheads. On the basis of histopathological examination of all livers, significantly higher prevalence of preneoplastic (foci of hepatocellular alteration) and neoplastic liver lesions were diagnosed in the Anacostia versus Tuckahoe bullheads, and prevalence was greater in large versus small fish (Tables 3 and  4 ). The prevalence of liver tumors (either invasive or noninvasive) was 50 to 68% in the large Anacostia fish compared with 0 to 3% in the large Tuckahoe fish (p Ͻ 0.0001) and 10 to 17% in the small Anacostia fish versus 0% in the small Tuckahoe fish (p ϭ 0.11). In both size classes, bile duct tumors (cholangiomas and cholangiocarcinomas) were much less common than liver cell tumors (hepatocellular adenomas or hepatocellular carcinomas). Of the large Anacostia fish, 70 to 73% had livers with either preneoplastic or neoplastic lesions compared with 0% (TKL-S) and 23% (TKL-F; p Ͻ 0.00001; Table 3 ). Between 10 and 20% of the small Anacostia fish had pre-neoplastic or neoplastic liver lesions compared with 3% of the small Tuckahoe fish (p ϭ 0.23; Table 4 ).
Only one case of a seasonal difference in lesion prevalence was found in Anacostia bullheads. The upper Anacostia large bullheads from the fall (UAL-F) had a much higher prevalence of hepatocellular adenomas (47%) compared with the spring collection (UAL-S, 13%; Fisher's exact test, p ϭ 0.01). Two cases of seasonal differences were found in the Tuckahoe bullheads. The prevalence of liver lesions (either pre-neoplastic or neoplastic) was 23% in the fall collection of large fish (TKL-F) versus 0% in the spring (TKL-S; p ϭ 0.036). The prevalence of abnormal barbels was 0% in the TKL-F collection and 17% in the TKL-S collection (p ϭ 0.047). Fig. 3b) .
Biomarkers of exposure and response
The mean concentrations of DNA adducts were 16 to 28 times higher in the Anacostia bullheads, 690 to 1,146 nmol/ mol, compared with the Tuckahoe bullheads (42.1 nmol/mol ANOVA, p Ͻ 0.001; Fig. 3c ). Concentrations of DNA adducts were not statistically different in large and small or spring and fall fish from the same locations; therefore, multiple collections from the same site were pooled. In the chromatograms of the Anacostia fish, the DRZ was pronounced, indicative of PAC-DNA adducts (Fig. 4) . In the Tuckahoe fish, in addition to a much less dense DRZ, a second zone of adducts was also evident, which was not attributable to a specific class of compounds. Thus, the mean (Ϯ1 SD) concentration of total DNA adducts in the TKL-F fish (20 Ϯ 5 nmol/mol) was nearly twice the average concentration of adducts in the DRZ (12 Ϯ 3 nmol/ mol). This second zone also was observed in the Anacostia fish but was very faint and at the limits of quantitation.
Tissue contaminants
On the basis of Mann-Whitney rank sum tests, it was possible to pool the data from the two collections from the upper Anacostia site and from the two collections from the Tuckahoe. Median total PCB concentrations in the Anacostia fillets ranged from 0.198 g/g for the upper Anacostia collections (UAL-S ϩ UAL-F) to 0.467 g/g for the CSL-S collection. All of the median concentrations in the Anacostia locations were significantly greater than the median (0.0143 g/g) from the Tuckahoe (Kruskal-Wallis test, p Ͻ 0.001). Median concentrations of gamma-chlordane were significantly higher in several Anacostia groupings (CSL-S, 0.0131 g/g; UAL-F ϩ UAL-S, 0.00887 g/g) compared with the collections from the Tuckahoe (TKL-F ϩ TKL-S, not detected [Ͻ0.000475 g/g]).
Median p,pЈ-DDE concentrations were significantly higher in the CSL-S (0.0515 g/g) and OSL-S (0.0363 g/g) collections compared with the Tuckahoe (TKL-F ϩ TKL-S, 0.00654 g/ g; Kruskal-Wallis test, p Ͻ 0.001). Data tables are provided in Pinkney et al. [23] .
Statistical analyses
For the large fish, with total liver tumors (TLT, either invasive or noninvasive) as the response variable, the logistic regression analysis indicated increased risks associated with the predictor variables length, age, sex, HSI, bile benzo[a]pyrene, bile phenanthrene, tissue total PCBs, and tissue p,pЈ-DDE (Table 5 ). On the basis of odds ratios, the strongest effects (greatest relative risks) for TLT were for sex (females had 3.953 times the odds for males). This was reflected in the liver tumor prevalence of 95% (18 of 19) for females and 50% (48 of 95) for males. Bile PAH metabolites, tissue PCBs, and tissue p,pЈ-DDE were significant predictor variables for TLT, with odds ratios ranging from 1.193 to 1.327. With total skin tumors (TST, either invasive or noninvasive) as the response variable, only HSI was identified as a significant risk factor (1.812 times per 0.005 units). An increased risk of TLT with increased length (1.826 times per 10 mm) and weight (1.245 times per 10 grams) was seen among the small fish.
On the basis of Fisher's exact tests, associations between
Environ. Toxicol. Chem. 23, 2004 A.E. Pinkney et al. the detection of shortened, clubbed, or missing barbels (SB) and the subsequent histological diagnosis of total liver lesions (TLL, either tumors or foci of hepatocellular alteration) or TLT were significant (TLL, p ϭ 0.0001; TLT, p ϭ 0.001). Associations between skin tumors (TST, either invasive or noninvasive) and TLL or TLT also were significant (TLL, p ϭ 0.003; TLT, p ϭ 0.006). The association between these visible lesions (SB or TST) and either type of histological liver lesion (foci of hepatocellular alteration or TLT) was also significant (p ϭ 0.00002). Analysis of whether there is a stronger association between those fish with two visible lesions (both SB and TST) and a histological liver lesion (foci of hepatocellular alteration or TLT) was of borderline significance (p ϭ 0.064). All nine bullheads that had both altered barbels and skin tumors had at least one histological liver lesion.
DISCUSSION
Tumor prevalence, DNA adducts, and contaminant exposure
The 50 to 68% liver tumor prevalence in the Ն260 mm Anacostia River brown bullheads is essentially equivalent to the highest reported prevalence observed in the Laurentian Great Lakes (i.e., the Black River [Ohio] in the 1980s and early 1990s [60% in 1982 and 58% in 1992]) [1, 4] . The 50 to 68% prevalence greatly exceeded the 5% criterion suggested by Baumann [22] to distinguish between highly contaminated and less contaminated areas. Liver tumor prevalence was similar in the 1996 and 2000/2001 surveys. The average prevalence of all large Anacostia bullheads (58%, 67 of 115) was nearly identical to the 55% (33 of 50) prevalence reported by Pinkney et al. [7] for similar-sized bullheads collected in 1996 near the CSX Bridge. The 0 to 3% liver tumor prevalence we reported for the large Tuckahoe River fish was less than the 10% (3 of 30) reported from the same location in 1996 [7] and similar to the 3% (1 of 39) reported in 1998 [24] .
The 17% (20 of 115) average skin tumor prevalence in all the large Anacostia bullheads (combined across locations and seasons) was not statistically different from the average 23% (14 of 60) Pinkney et al. [7] determined from two 1996 collections at the CSX Bridge (p ϭ 0.42, Fisher's exact test). Coincidentally, the skin tumor prevalence in the large bullheads collected in 2001 from the CSX site was also 23% (7 of 30). Thus, Anacostia skin tumor prevalence in both 1996 and 2000/2001 was above the 12% criterion suggested by Baumann [22] .
The higher prevalence of tumors in the large versus small Anacostia fish is consistent with studies indicating an increased tumor risk in older fish [2, 6] . The greater prevalence of liver tumors in female bullheads was reported previously by Pinkney et al. [7] in the Anacostia and by Baumann et al. [2] in Lake Erie tributaries.
On the basis of the logistic regression, biliary benzo[a]pyrene-and phenanthrene-like fluorescent metabolites were significant risk factors for liver tumors (either invasive or noninvasive). The odds ratios of 1.252 times per 1 l/L and 1.250 times per 100 l/L, respectively, were similar to those reported by Pinkney et al. [7] (1.349 and 1.1284 times). These authors also identified these metabolites as significant risk factors for skin tumors (1.846 times for benzo[a]pyrene and 1.445 times for phenanthrene).
The ranges of concentrations of benzo[a]pyrene-like metabolites in the Anacostia (2.1-8.4 l/L) and Tuckahoe (0.25-0.34 l/L) bullheads were similar to the concentrations measured in the 1996 survey (Anacostia, 1.1 and 4.9 l/L; Tuckahoe, 0.49 l/L) [7] . Other bullhead studies in PAH-contaminated areas have reported mean biliary benzo[a]pyrene concentrations of 2.8 l/L (Black River, Ohio, USA [35] ) and 3.5 l/L (Detroit River, USA [36] ). Lower concentrations, similar to those in the Tuckahoe, were reported for bullheads from a reference area (0.6 l/L) and laboratory controls (0.3 l/L) [36] . Biliary PAH metabolite concentrations, however, are not simple predictors of neoplasm frequency. These concentrations indicate exposure over a period of days, whereas carcinogenesis was initiated months to years before collection. Variability in metabolite concentrations within a collection of bullheads can arise as a result of feeding status and fish movement [36] .
The appearance of a DRZ in chromatograms of Anacostia bullhead livers has been observed previously in collections of fish from areas with PAH-contaminated sediments and has been reproduced in laboratory exposures with PAHs [20] . The concentration of DNA adducts, while 16 to 28 times higher on average in the Anacostia versus Tuckahoe bullheads, was not statistically associated with increased odds for tumors in the logistic regression analysis. Once again, it is important to recognize that the critical period for initiation of the tumors in the age Ն3 bullheads probably occurred several years before the fish were collected. Chemical (e.g., exposure to tumor promoters) and biochemical factors (e.g., the ability of individuals to repair DNA damage) also determine whether exposure to carcinogenic PAHs will result in tumors.
The overall median DNA adduct concentration in the Anacostia bullheads (678 nmol/mol) was approximately 7 to 10 times higher than that reported (using similar methods) in bullheads from contaminated areas in Great Lakes tributaries. Eufemia et al. [37] reported median DNA adduct concentrations of 64 and 94 nmol/mol in two collections of the PAH-contaminated Buffalo River (New York). These concentrations were significantly higher than the 4.5 and 20 nmol/mol they detected in the reference site (Black Creek, ON, Canada) fish. Dunn et al. [38] reported mean (ϮSE) DNA adduct concentrations of 70.1 Ϯ 6.3 nmol adducts/mol in bullheads from the PAHcontaminated Buffalo River (n ϭ 21) and 52 and 56 nmol/mol in two fish from the Detroit River. The mean DNA adduct concentration was 14.7 Ϯ 9.2 nmol/mol in fish captured from a nonindustrialized landlocked pond and raised in an aquarium. The Tuckahoe bullheads had mean DNA adduct concentrations of 20.4 to 33.2 nmol/mol, only slightly higher than those reported by Eufemia et al. [37] and Dunn et al. [38] from reference sites.
Horness et al. [5] applied regression analysis to a database of west coast (USA) tumor surveys. They proposed 2.8 g/g total PAHs as a threshold sediment concentration for an increased prevalence of hepatic lesions in bottom-dwelling English sole (Pleuronectes vetulus). Although a similar statistical analysis has not been performed for brown bullheads, the average total PAH concentration in 15 to 31 Anacostia sediments collected in fall 2000 within 1 km of the fish collection sites was 15.2 to 30.9 g/g [39] , about 5 to 10 times higher than the 2.8 g/g threshold. In other Anacostia River locations, sediment total PAH concentrations were as high as 97.9 g/ g [39] . Sediment total PAH concentrations near the fish collection sites were about two orders of magnitude higher in the Anacostia than the Tuckahoe (0.19 g/g, collected in 1998 by Pinkney et al. [24] ).
Other chemicals, including PCBs, DDT, and chlordane, are widespread in the Anacostia River [21] ; recent sediment concentrations of organochlorine pesticides, PCBs, PAHs, and metals are provided by Velinsky and Ashley [39] . Moore and Myers [6] noted that DDT and PCBs have been shown in laboratory studies to modulate tumor formation; DDT enhanced tumor yield, whereas, depending on the timing, PCBs either enhanced or inhibited tumor formation. In the current study, in contrast with Pinkney et al. [7] , an increased risk for total liver tumors was associated with tissue concentrations of total PCBs and p,p-DDE. Odds ratios were 1.327 times per 0.1 g/g PCBs and 1.193 times per 0.05 g/g p,pЈ-DDE. These ratios were similar to that for bile benzo[a]pyrene (1.252 times per 1 g/g) or phenanthrene (1.250 times per 100 g/g). It is uncertain whether these chemicals are truly involved in tumor formation or are simply co-occurring with the biliary PAH metabolites. Nitrosamines are an additional class of chemicals that warrant investigation in the Anacostia because these carcinogens can be formed in waters with high sewage content [40] . The CSOs release raw sewage into the Anacostia during and after moderate to heavy rains; two of the three collection areas (CSX and O Street) were near CSOs.
Abnormal barbels
The greater prevalence of abnormal barbels in the larger (and older) Anacostia bullheads (23-56%) versus smaller (younger) bullheads (10-27%) is consistent with Smith et al. [8] . They reported that these lesions became prevalent in bullheads close to 300 mm in total length. Within the older Anacostia bullheads, prevalence of abnormal barbels was nearly identical in age 4 (21 of 44 ϭ 48%) and age 5 (19 of 37 ϭ 51%) animals, with too few for age 6 to 7 fish (n ϭ 10) for a reliable comparison.
Smith et al. [8] stated that the presence of abnormal barbels was correlated with the presence of elevated PAHs in sediments. They reported an abnormal barbel prevalence of approximately 45 and 70% in fish from the contaminated Black Environ. Toxicol. Chem. 23, 2004 A.E. Pinkney et al. and Cuyahoga Rivers, respectively, compared with about 5% from the cleaner Huron River (Ohio). Steyermark et al. [41] reported a nearly 40% prevalence of abnormal barbels in brown bullheads from the industrialized Schuylkill River (Philadelphia, PA, USA) versus about 5% in a New Jersey (USA) pond not affected by industry.
CONCLUSION
Besides finding extremely high liver tumor prevalence in Anacostia bullhead, this study is unique in its detailed examination of two age/size classes and the relationship between tumors and biomarkers in different-aged fish. Young and older bullheads had equally high concentrations of biliary PAH-like fluorescent metabolites and PAC-DNA adducts. The biomarker data and the 10 to 17% liver tumor prevalence at ages 1 to 2 suggest that these year classes are likely to have a high prevalence as they reach age Ն3. The finding of highly elevated PAC-DNA adduct concentrations in the DRZ, high concentrations of PAH-like metabolites in bile, and high sediment PAH concentrations provides the strongest evidence to date for the role of PAH exposure in the development of tumors in Anacostia bullheads. It does not, however, exclude the possibility of other chemicals functioning as tumor initiators or promoters or weakening immune responses. The results confirm the utility of using brown bullheads for assessing fish exposure and response to contaminants in the Anacostia River. As the river is remediated, tumor surveys can serve as a useful tool for monitoring the recovery of the ecosystem.
